During the fracture of metal/ceramic laminates two different damage modes are observed: one is the formation of a zone of multiple cracks near the tip of a macroscopic crack, and the other is the continuous propagation of a macroscopic crack in the ceramic layers while the metal layers remain intact. The criterion for the transition from single to multiple cracking is a key parameter for the design of metal/ceramic laminates. A plot (which is called a 'Fracture map') has been constructed to enable the designer to determine the fracture mode for a given laminate.
INTRODUCTION
Ceramic materials have the advantage of good creep resistance, low density, excellent wear resistance, and chemical inertness, which make them suitable for use in many applications. However, the use of ceramics in engineering applications is severely limited by their low toughness, which can cause catastrophic failure of the structure.
During the last decades, different toughening mechanisms have been discovered or developed, such as transformation toughening, micro cracking, whisker, platelet or ceramic fiber reinforcement and incorporation of a ductile metallic phase [1] . The ductile metallic phase approach promises the best of two worlds: the brittle matrix preserves stiffness and lightness; the metal phase enhances toughness and energy absorption capacity [2] .
Numerous reinforcement shapes have been employed in various ductile-brittle composite systems, including particulate, fiber and laminate reinforcements. Early studies showed that fiber-reinforced composites generally promote greater levels of toughening than particulate-reinforced composites. However, subsequent work on ductile layer reinforced composites soon revealed that such composite architectures result in even greater levels of toughening than ductile fiber reinforced brittle matrix composites [3] [4] [5] .
There are two different damage modes observed during the fracture of metal/ceramic laminates ( Fig. 1) : one is the formation of a zone of multiple cracks near the tip of a macroscopic crack, and the other is the continuous propagation of a macroscopic crack in the ceramic layers while the metal layers remain intact. As the criterion for the transition from single to multiple cracking is a key parameter for the design of metal/ceramic laminates, this subject has been investigated by many authors [6] [7] [8] [9] [10] [11] . Fracture maps have been constructed to enable the designer to determine the fracture mode for a given laminate with certain given geometrical and mechanical properties of the ceramic and the metal layers. A typical fracture map is shown in Fig. 2 
TRANSITION FROM SINGLE TO MULTIPLE CRACKING
Factors affecting the transition from single to multiple cracking have been studied by many authors [6] [7] [8] [9] [10] [11] , and different fracture maps has been constructed to enable predicting the fracture mode for a given laminate with certain given geometrical and mechanical properties of the ceramic and the metal layers (Fig. 3) . The main geometrical parameter, which affects the transition from single to multiple cracking MD Proceedings of the 13 th Int. AMME Conference, 27-29 May, 2008 mode is the laminate thickness ratio, / m c t t (t m and t c are the metal and ceramic layers thickness respectively) while the mechanical properties include the ceramic fracture strength and the constrained yield stress of the metal layer.
Shaw et al. [6] developed a simple model to describe the transition from single to multiple cracking assuming an elastic homogeneous medium. The stresses in the wake and tip regions were calculated as an effect of two contributions: the K-field of the main crack tip, and the bridging traction exerted by the intact metal layer. The bridging traction has been assumed to have a constant value, and its effect on the wake stress distribution has been obtained using contact mechanics [12, 13] . The results show that for a ceramic laminate reinforced with a metal which has a sufficiently high yield strength, as the volume fraction of the metal increases, the location of the peak stress moves from the tip region to the wake. These results were consistent with their limited experimental results.
Huang et al. [10] studied the conditions that will facilitate the transition from single to multiple cracking using linear elastic fracture mechanics and the shear lag analysis. The Dugdale model [14] was applied to examine the effect of plasticity in the shear lag analysis. The effects of metal/ceramic layer thickness ratio, moduli, and plastic yielding and hardening on the competition between the multiple and single cracking modes were investigated. A critical thickness ratio, (t m /t c ) crit was found above which multiple cracking dominates. This value is proportional to the corresponding moduli ratio, such that the competition between damage modes is governed by the ratio of the metal/ceramic layer stiffness, (E m t m /E c t c ). The plastic hardening of metals helps to activate the multiple cracking mode, (as it increase the bridging traction), while the plastic yielding does the opposite. Further work of Huang and Zhang [11] introduced a new parameter affecting the cracking mode, which is the ceramic fracture stress,σ c . A fracture map was established, from which was concluded that as long as the metal layer thickness is 2.5 times larger than the ceramic layer thickness, (t m /t c >2.5), multiple cracking always occurs for a well-bonded laminate, regardless of the metal/ceramic properties. However, the experimental results were not in complete agreement with their fracture map.
Hwu and Derby [9] studied the transition from single to multiple cracking for three metal/ceramic laminate systems with different metal to ceramic strength as a function of the metal/ceramic ratio. It was observed that the deviation between the experimental results and the model of Huang and Zhang is most pronounced when metals with low yield strength are used in the laminate, so this deviation was attributed to the influence of metal plasticity. A composite model was developed to include the effect of extensive plasticity, using the shear lag analysis at lower values of metal yield stresses, and linear elastic fracture mechanics at other values. This composite model agrees well with the experimental results as shown in Fig. 2 .
Shaw et al. [7] used finite element modelling (FEM) to investigate the effect of metal plasticity on the transition between single to multiple cracking. The experimental observations of elastic and plastic strain distributions using moiré interferometry have been used to check the assumptions used in the FEM. A good agreement between experimental and predicted strain distributions was obtained, which indicates the validity of the assumptions used in the FEM. Using the maximum tip and wake stresses from FEM at different loads for each composite system, a fracture map was formulated.
The elastic mismatch between the ceramic and metal layers was neglected. Experimental results were in partial agreement with the developed fracture map.
In all the previous studies, the fracture strength of the ceramic was considered as a constant value (σ c ). Unfortunately, most experimental evidence indicates that brittle matrix cracking occurs continuously over a broad band of stresses, indicating that statistical aspects are important [15] . Thus, a probabilistic-based analysis has been developed by Shaw [8] . Shaw has developed a probabilistic analysis using the twoparameter Weibull equation, which is widely used to characterize the strength of brittle solids [2, 16] . The results from the probabilistic analysis were used to identify a boundary corresponding to the transition in fracture mode for multilayer systems (Fig. 4) with variable metal volume fraction, f, and Weibull modulus. This was accomplished by determining the magnitude of the critical Weibull modulus, m * , at which point the probability of failure in the tip region (V A ) equals to the probability of failure in the rest of the ceramic volume (V B ) equals to certain failure probability (which was taken 0.5) for each volume fraction and specimen geometry:
Then, the critical Weibull modulus is plotted against metal volume fraction, for different specimen geometry, giving the fracture map in Fig. 5 .
We can see from the previous study that the composite model [9] , in spite of its simplicity, was able to give excellent predictions with the experimental results for different ceramic/metal laminate systems (Alumina with Ni, Cu, and Al). However, it is not known yet if this model will be able to predict the failure mode for other ceramic laminate systems, when the difference in modulus of elasticity is very high.
Another aspect is the non-deterministic strength of ceramics, which was studied by Shaw [8] . The previous probabilistic-based analysis is not examined yet with sufficient experimental data. It is important also, to check whether the Weibull parameters of the ceramic will change due to processing of the laminate. Such a change was observed in the case of brittle fibres [15] . It is also required to modify the basis of the probabilistic approach to be suitable for application in the case of bending test specimens, as it was deduced mainly for the case of uniform applied remote stress.
The objective of the present work is to improve the predictive capabilities of the current analytical models used to predict whether the fracture occurs by the propagation of a low energy single dominant crack or by high energy dissipating multiple cracking within each ceramic layer. Of particular importance is the need to verify the analytical predictions experimentally using a wide range of ceramic-ductile phase combinations. A probability-based fracture map has been constructed using LEFM and Weibull statistics. Experimental results obtained from laminates with different combinations of ceramics and metals have been used to assess the new map and compare it with the composite model explained before [9] . MD Proceedings of the 13 th Int. AMME Conference, 27-29 May, 2008 Fig . 4 . The specimen used in the probabilistic analysis [8] . 
MODELLING OF THE TRANSITION FROM SINGLE TO MULTIPLE CRACKING
For the cracked laminate shown in Fig. 6 , assuming an elastic homogeneous medium, the stresses in the ceramic layers C 1 and C 2 were obtained based on linear elastic fracture mechanics (LEFM) [6] . The stresses were calculated as an effect of two contributions: the K-Field of the main crack tip, (K net ), and the bridging traction exerted by the intact metal layer. The bridging traction was assumed to have a constant value ( e σ ), and its effect on the wake stress distribution was obtained using contact mechanics [12, 13] .
where The stress variation parallel to crack in each ceramic layer is small, as the layer thickness is small compared to the pre-crack length. As a result, the stress in each ceramic layer is well approximated by its average over the ceramic layer thickness [9, 11] . Equations (1) and (2) 
A model has been developed taking into consideration the non-deterministic strength of the ceramic materials. For a cracked ceramic-metal laminate, assuming an elastic homogeneous medium The stress distribution in the wake and tip regions (σ wake and σ tip respectively) can be obtained based on linear elastic fracture mechanics using the same equations shown before (3 and 4).
The two-parameter Weibull equation is widely used to characterize the strength of brittle solids [2, 16] . This description is based on the fact that the fracture stress of brittle MD Proceedings of the 13 th Int. AMME Conference, 27-29 May, 2008 materials is a statistical quantity. The probability of failure P f (V,σ) of any brittle material of volume V, subjected to a local tensile stress, σ, is given by:
where σ o is the average strength of a given volume V o , and m is the Weibull modulus of strength distribution.
The failure probability of structures that are subject to complex stress distributions σ(x, y, z) is given by
In our case, we have two volumes of interest are the wake region and the tip region. It is assumed that a crack will be initiated within one of the ceramic layers when the probability of failure reaches a critical value, (3) into (6) 
Substituting with this critical SIF again for the wake region we get the probability of failure in the wake region.
( ) ( ) 
cr f wake wake f P V P σ > then it is most likely for multiple cracking to occur, otherwise single cracking is assumed to be the cracking mode. A critical Weibull modulus separating the two cracking modes obtained when:
cr f tip tip f wake wake f
Determination of the critical Weibull modulus for a 50% critical failure probability ( 0.5 Fig. 7 .
The critical failure probability has been changed to different values (0.5, 0.7, 0.9) to study its effect on the predicted fracture map. As can be seen from Fig. 8 , no significant effect is observed. A critical failure probability of 0.5 is used in the following predictions. To select the height of the wake and tip regions, which indicates the ceramic volume used in the Weibull analysis, the probability of failure in the wake and tip regions has been calculated for different values of the height as shown in Fig. 9 . It can be seen the failure probability converged to a constant value at H/t m =3, and this value is used for the calculations in the present probability based fracture map.
EXPERIMENTAL WORK
The fracture mode was examined using different combinations of tape-casted alumina and PSZ bonded to Aluminum and Nickel using diffusion bonding technique [18] . Typical combinations are listed in Table 1 .
The specimen consists of nine ceramic layers and eight metal layers. A notch was cut traversing four intervening metal layers and rooted in the central ceramic layer. To be able to machine a well-defined notch for relatively thin ceramic sheets (<200µm), a thicker ceramic layer has been used in the middle and the outer layers.
A four-point bend fixture ( Fig. 10 ) with inner and outer spans of 10 mm and 20 mm respectively has been used. Tests were executed using a bench-top testing machine (CK 10, Engineering Systems, Nottingham, UK) with 10 kN load cell. This machine has a built in acoustic sensor, which enables detection of crack propagation in the ceramic layer. The crack advance was also confirmed using a ×30 hand-held microscope.
Loading was under displacement control condition, with a crosshead speed of 0.01 mm/min to ensure stable crack growth within the laminate. The cracking mode (single or multiple cracking) for the cracked ceramic/metal laminates was determined using optical microscopy.
Optical images of the different fracture patterns obtained are shown in Fig. 11 . Most of the investigated ceramic/metal combinations fractured in single cracking mode, while the multiple cracking mode was only observed in three samples which are shaded in Table 1 . 
DISCUSSION AND CONCLUSIONS
Fracture maps for ceramic-metal laminates with different ceramic median strength and metal bridging stress are shown in Fig. 12 (a,b) . As can be seen from Fig. 12 -a, the tendency of multiple cracking to be the dominant cracking mode is decreased with the increase of the ceramic median strength, while this tendency is increased as the Weibull modulus and the metal bridging stress increase. Also, as the metal to ceramic thickness ratio (t m /t c ) increases, it becomes much more probable for multiple cracking to occur rather than single cracking. These observations are generally in agreement with the previous results [6, 9, 11, 17] .
These observations are in partial agreement with the fracture map (Fig. 5) proposed by Shaw [8] using finite element modeling to get the stress distribution within the laminate in the case of uniform applied stress. It was suggested that for the same metal volume fraction, increasing the Weibull modulus of the ceramic promotes the single cracking mode. However, in the present fracture map, there is a region where increasing the Weibull modulus results in multiple cracking to be the cracking mode of the laminate. Another aspect is the existence of a region of single cracking mode, which is not affected by the value of the Weibull modulus. This region was not observed in the fracture map proposed by Shaw.
For the experimental results obtained using different ceramic/metal laminates (Alumina and PSZ bonded to Nickel and Aluminium) with different metal to ceramic thickness ratios (t m /t c =0.125:4) and different Weibull parameters for the strength of the ceramic layers (m=3:9.2), the probability-based map was able to predict the fracture mode of the ceramic/metal laminates more accurately than the modified composite map. These results support the basis used in the probability map formulation. However, it is recommended that the proposed map be investigated with more experimental results, especially near the boundary separating the single to multiple cracking transition. 
